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INTRODUCTION 

Initial Member 
configuration sizing . 

Engineers and managers are always concerned about reducing the costs and 
time involved in completing a design project. Therefore, many hours of 
research have been devoted to speed and sensitivity improvements in the area 
of structural analysis. Additional research effort has been applied to the 
improvement of optimization algorithms. From a numerical standpoint, these 
areas are nearing a point of diminishing retur'ns when using conventional 
computer hardware. However, one area which shows a potential for reducing 
design cost and time, but has had little research, is the determining and 
refining of an initial configuration before beginning the analysis and 
optimization process (figure 1). One reason is because this is a problem 
that is not easily solved numerically, but one that seems to require using 
heuristics from experienced designers. 

Only recently have engineers begun making use of Artificial Intelligence 
(AI) tools in the area of conceptual design (refs. 1,2). To continue 
filling this void in the design process, a prototype knowledge-based system, 
called STRUTEX (ref. 3 ) ,  has been developed to initially configure a 
structure to support point loads in two dimensions. This prototype was 
developed for testing the application of AI tools to conceptual design as 
opposed to being a testbed for new methods for improving structural analysis 
and optimization. This system combines numerical and symbolic processing by 
the computer with interactive problem solving aided by the vision of the 
user. 

This paper describes how the system is constructed to interact with the 
user. Of special interest is the information flow between the knowledge 
base and the data base under control of the algorithmic main program. 
Examples of computed and refined structures are presented during the 
explanation of the system. 

- Redesign 

0 Void 0 Speed 0 Optimization 

0 Sensitivity Algorithms 
Figure 1 
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COMPONENTS OB' THE SYSTEM 

5 3  - D data  
base 

The main driver program for STRUTEX is written entirely in FORTRAN. Other 
components were added by linking existing software - DI-3000 (ref. 4 )  for 
the graphics, RIM (Relational Information Management, ref. 5) for the 
relational data base management, and CLIPS (C Language Production System, 
ref. 6) for the inference engine - to the main driver program. The data €or  
RIM and the knowledge base (rules) for CLIPS are maintained in different 
files separated from STRUTEX. EAL (Engineering Analysis Language, ref. 7) 
for the structural analysis, and CONMIN (Constraint Minimization, ref. 8) 
for the optimization are coupled in PROSSS (Programming System for 
Structural Synthesis, ref. 9) to perform the analysis and optimization 
(figure 2 ) .  
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A PRODUCTION RULE KNOWLEDGE BAsE/INFERENCE ENGINE 

4 

C L I P S  i s  a knowledge-based system t o o l  developed a t  NASA Johnson Space 
C e n t e r .  I t  i s  w r i t t e n  i n  C,  performs forward c h a i n i n g  based  on t h e  R e t e  
p a t t e r n  matching a l g o r i t h m ,  and has  a FORTRAN i n t e r f a c e .  The knowledge base 
is composed of  r u l e s  w h i c h  are d e f i n e d  by t h e  " d e f r u l e "  c o n s t r u c t .  A r u l e  
s ta tes  s p e c i f i c  a c t i o n s ,  t h e  Right-hand side ( R H S ) ,  t h a t  are t o , b e  t a k e n  i f  
c e r t a i n  c o n d i t i o n s ,  t h e  Left-hand side (LHS) a re  m e t .  An 11=>11 s e p a r a t e s  t h e  
LHS and t h e  RHS. I f ,  and o n l y  if, a l l  of t h e  c o n d i t i o n s  on t h e  LHS are 
s a t i s f i e d ,  t h e n  t h e  a c t i o n s  on t h e  RHS a r e  performed s e q u e n t i a l l y .  Each 
r u l e  must c o n t a i q  a t  l eas t  one c o n d i t i o n  and one a c t i o n .  

Pieces of i n f o r m a t i o n  r e p r e s e n t e d  by f a c t s ,  t h e  basic form of  data  i n  CLIPS, 
a r e  c o n t a i n e d  i n  a f a c t s - l i s t .  A f a c t  can c o n t a i n  a number, a word, o r  a 
s t r ing .  F a c t s  a r e  asserted i n t o  t h e  f a c t s - l i s t  b e f o r e  e x e c u t i o n  by t h e  
l 'deffacts" c o n s t r u c t  o r  by an a s s e r t  command i n  t h e  c a l l i n g  program, or 
d u r i n g  e x e c u t i o n  a s  t h e  a c t i o n  caused  by e x e c u t i n g  a r u l e .  A r u l e  e x e c u t e s  
based  on t h e  e x i s t e n c e  o r  non-ex i s t ence  of f a c t s  i n  t h e  f a c t s - l i s t .  Fo r  
example, t h e  r u l e  f o r  s e l e c t i n g  a s t r i n g  a s  t h e  t y p e  of s u p p o r t  i s  shown i n  
f i g u r e  3. I t  i s  read: I f  t h e  l o c a t i o n  of t h e  s u p p o r t  s u r f a c e  i s  above t h e  
l o a d  and t h e  l o a d  is  a g r a v i t y  t y p e  of l o a d ,  t hen  t h e  s u p p o r t  t ype  is a 
s t r i n q .  T h i s  r u l e  w i l l  e x e c u t e  when t h e  two f a c t s  (SURFLC ABOVE) and 
(PLOADT GL)  are  asserted from STRUTEX and p l a c e d  i n t o  t h e  f a c t s  l i s t .  The 
a c t i o n s ,  based upon a match on t h e  two f a c t s  ( c o n d i t i o n s ) ,  are  t o  r e t u r n  t o  
STRUTEX v i a  t h e  KBANSl parameter t h e  f a c t  t h a t  t h e  s u p p o r t  i s . ,a  s t r i n g ,  and 
t o  assert t h e  fac t  t h a t  t h e  s u p p o r t  i s  a s t r i n g  i n t o  t h e  f a c t s - l i s t .  The 
KBANSl parameter, d i s c u s s e d  below i n  more de t a i l ,  is  t h e  name of t h e  
s u b r o u t i n e  i n  STRUTEX. I n  t h i s  example, o n l y  t h e  parameters SUPPORT and  
STRING are needed. T h e  0 . 0  is a dummy pa rame te r .  

C u r r e n t l y  there a re  o n l y  t h i r t e e n  r u l e s  i n  t h e  knowledge base. There a re  
three r u l e s  f o r  d e t e r m i n i n g  t h e  t y p e  of suppor t ,  beam, t r u s s ,  o r  s t r i n g .  
The r u l e s  f o r  choos ing  t h e  beam o r  t r u s s  are more complex t h a n  t h a t  of  t h e  
s t r i n g  a n d  u s e  a n  e x p l i c i t  l lorl l  coup led  wi th  t h r e e  o r  f o u r  e x p l i c i t  "andlls. 
Another r u l e  i n  t h e  knowledge base e x p l a i n s  t h e  c h o i c e  of s u p p o r t  t y p e  when 
e x e c u t e d .  The remainder  of  t h e  r u l e s  de t e rmine  whether o r  n o t  b r a c i n g  i s  
r e q u i r e d  and  t h e  t y p e  o f  b r a c i n g  t h a t  i s  r e q u i r e d  i n  a t r u s s .  O t h e r  r u l e s  
d e t e r m i n e  i f  t h e r e  are any a n g l e s  formed which are not w i t h i n  a g iven  r ange .  
I f  so, a recommendation is made to  correct the problem. The a c t i o n  parts of 
t h e  b r a c i n g  r u l e s  a r e  more complex t h a n  t h o s e  of  t h e  r u l e s  f o r  choos ing  t h e  
type of  s u p p o r t .  Some of t h e  b r a c i n g  a c t i o n s  are based  on ma themat i ca l  
computa t ions  w i t h i n  t h e  r u l e ,  wh i l e  o t h e r s  have c h o i c e s  of  a c t i o n s  w i t h i n  a 
s i n g l e  r u l e  w i t h  t h e  c h o i c e  b e i n g  determined by t h e  f ac t s .  

The i n f e r e n c e  e n g i n e  i n  CLIPS applies t h e  knowledge ( r u l e s )  t o  t h e  data  
( f a c t s ) .  P a t t e r n  matching o c c u r s  on t h e  LHS. 
b e g i n s  by  examining t h e  knowledge b a s e  t o  see i f  t h e  c o n d i t i o n s  of  any r u l e s  
have been m e t .  A l l  r u l e s  w i t h  c u r r e n t l y  m e t  c o n d i t i o n s  a re  pushed o n t o  t h e  
"agenda" which is  e s s e n t i a l l y  a pushdown s tack .  Once t h e  agenda i s  complete  
t h e  t o p  r u l e  is  selected and t h e  RHS is  execu ted .  A s  a r e s u l t  o f  these 
a c t i o n s ,  new r u l e s  can  be p l a c e d  on t h e  agenda and r u l e s  on t h e  agenda may 
be removed. T h i s  c y c l e  is r e p e a t e d  u n t i l  a l l  r u l e s  t h a t  can  e x e c u t e  have 
done so. 

The basic e x e c u t i o n  c y c l e  

( d e f r u l e  s t r i n g  
(SURFLC ABOVE) 
(PLOADT GL) => 

(assert (SUPPORT STRING) ) 
(KBANS1 SUPPORT STRING 0 . 0 ) )  

F i g u r e  3 
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FLOW OF DATA BETWEEN THE KNOWLEDGE BASE AND THE DATA BASE 

r 

Knowledge Loosely coupled Data 
base T base 

system (Short  term) system 

. 
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USER INTERACTION WITH STRUTEX 

When STRUTEX b e g i n s  e x e c u t i o n ,  t h e  u s e r  f i r s t  answers q u e s t i o n s  about  t h e  
l o a d s .  The number of l o a d  p o i n t s  i s  t h e  f i r s t  i n p u t .  T h e  n e x t  i n p u t  i s  t h e  
t y p e  of l o a d  w h i c h  can be a g r a v i t y  l o a d ,  v e r t i c a l  l o a d ,  sideways l o a d ,  or a 
combinat ion of  g r a v i t y  o r  v e r t i c a l  and s ideways.  T h i s  i s  fo l lowed  by an 
i t e r a t i v e  p r o c e s s  th rough  t h e  l o a d  p o i n t s  where t h e  u s e r  i n p u t s  t h e  v e r t i c a l  
and h o r i z o n t a l  magni tudes of each l o a d  and t h e n  u s e s  t h e  mouse t o  l o c a t e  t h e  
l o a d  p o i n t  on t h e  g r a p h i c s  window. S i n c e  no u n i t s  a r e  required by STRUTEX, 
t h e  user m u s t  d e t e r m i n e  t h e  c o r r e c t  u n i t s  for t h e  d i s t a n c e s  and l o a d s .  

The second stage of  u s e r  i n p u t  conce rns  t h e  s u p p o r t  s u r f a c e .  The u s e r  
i n p u t s  where t h e  s u p p o r t  s u r f a c e  i s  i n  r e l a t i o n  t o  t h e  l o a d  p o i n t s  - above, 
below,or  t o  t h e  side. The u s e r  t h e n  u s e s  t h e  mouse t o  p l a c e  t h e  midpo in t  of  
t h e  s u p p o r t  s u r f a c e  on t h e  g r a p h ,  The d i s t a n c e  from t h e  s u p p o r t  s u r f a c e  t o  
t h e  f i r s t  l o a d  is i n p u t  w i thou t  u n i t s .  The d i s t a n c e s  from t h e  r ema in ing  
l o a d s  t o  t h e  s u p p o r t  s u r f a c e  a r e  computed. The u s e r  i n p u t s  whether or n o t  
t h e  s u p p o r t  s u r f a c e  i s  a p o i n t .  If  it is  n o t ,  t hen  t h e  l e n g t h  of t h e  s u p p o r t  
s u r f a c e  i s  i n p u t ,  a g a i n  w i t h  no u n i t s .  

The f i n a l  piece o f  d a t a  t h a t  i s  needed b e f o r e  t h e  sys t em can  d e t e r m i n e  t h e  
t y p e  of  s u p p o r t  is  whether it i s  impor t an t  f o r  t h e  s u p p o r t  t o  be i n e x p e n s i v e  
or l i g h t w e i g h t .  Once these d a t a  a r e  known, f ac t s  are  asserted i n t o  t h e  
knowledge b a s e  and  t h e  i n f e r e n c e  e n g i n e  e x e c u t e s  t h e  r u l e s .  The t y p e  of  
s u p p o r t  is  r e t u r n e d  from t h e  r u l e s  and s t o r e d  i n t o  t h e  d a t a  base.  The  
c h o i c e  and e x p l a n a t i o n  of that choice are d i s p l a y e d  on t h e  d i a l o g  s c r e e n  a s  
shown i n  f i g u r e  5 .  

An e x p l a n a t i o n  from STRUTEX 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A t r u s s  is t h e  c h o i c e  for a s u p p o r t .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Reasons: 
The s u p p o r t  s u r f a c e  l o c a t i o n  i s  t o  

t h e  side of t h e  l o a d s .  
The s u p p o r t  s u r f a c e  is  n o t  a p o i n t .  
The suppor t  must be l i g h t w e i g h t .  

F i g u r e  5 
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A TRUSS WITH A SINGLE LOAD POINT 

I f  t h e  c h o i c e  is a t r u s s  and  t h e r e  is o n l y  one  l o a d  p o i n t ,  a t r i a n g u l a r  
s t r u c t u r e  i s  drawn ( f i g u r e  6 a ) .  The s y s t e m  t h e n  d e t e r m i n e s  whe the r  o r  n o t  
b r a c i n g  i s  n e e d e d  b y  c h e c k i n g  t h e  r a t i o  o f  t h e  f o r c e s  i n  t h e  members a g a i n s t  
t h e  l e n g t h  o f  t h e  members. The f o r c e s  a r e  computed f rom a n  e q u a t i o n  
r e p r e s e n t i n g  s t a t i c  e q u i l i b r i u m  o f  t h e  l o a d e d  p o i n t .  F a c t s  a r e  a s s e r t e d  
i n t o  t h e  knowledge base. The i n f e r e n c e  e n g i n e  e x e c u t e s  t h e  r u l e s  a n d  t h e  
c h o i c e  i s  r e t u r n e d  t o  t h e  main program.  I f  b r a c i n g  is needed ,  t h e  two side 
members are  divided, a n d  e i t h e r  a "2" b r a c e  ( f i g u r e  6b)  i f  D e l t a  i s  g r e a t e r  
t h a n  4 0  degrees or a "V" b r a c e  ( f i g u r e  6c) i f  D e l t a  i s  less t h a n  or e q u a l  t o  
40  degrees i s  c h o s e n  b y  t h e  knowledge b a s e .  An i n p u t  f i l e  i s  c r e a t e d  f o r  
t h e  a n a l y s i s  p rogram a n d  t h e  program e n d s .  

Surface 

F i g u r e  6a 

Surface 

F i g u r e  6 b  

Surface 

F i g u r e  6c 
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A TRUSS WITH MULTIPLE LOAD POINTS 

If the choice is a truss and there is more than one load point, then the 
user must build the truss guided by recommendations from the system. 
user begins with the load points and the support surface. 
is made to first connect all the load points forming triangles whenever 
possible, but not connect the load points to the support surface. 
are added by placing the mouse on the end points. 
completed, there is a second recommendation for the user to connect the load 
points to the support surface without having a new member intersect an 
existing member. (The reason for using two recommendations to build the 
truss is discussed below.) Figure 7 displays the structure at this point in 
the design. 

The 
A recommendation 

Members 
Once this has been 

5 

-a 

Surface 
Figure 7 
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A RECOW4ENDATION FOR IMPROVING THE MODEL BASED ON TRIANGLES 

After this step is complete, the system determines all the triangles formed 
by the members and checks their angles. If the knowledge base determines 
that there are angles in the model outside a given range, a recommendation 
is made to correct the problem. The limiting values for the angles are 
judgmental and can be changed based on the experience of the user. An 
example of such a recommendation based on the angles is shown in figure 8. 

A recommendation from STRUTEX 

******RECOMMENDATIONS****** 

The following triangles contain angles that 
are less than 15 degrees, therefore 
a modification may be required. 

TRIANGLE ANGLE OPPOSITE MEMBER 
1 2 3  13.7 1 
1 2 3  12.4 2 

N1 
/ \  

/ \  
N2 / \N3 

If two external members form the angle 
then to expand the angle 

(1) Remove the two members Nl-N2 and N1-N3 
that form the angle, 

(2) Add two new members Nl-N4 and Nl-N5 
to form a larger angle. 

(3) Add a new member to connect FJ4 and N5. 
(4) Add two members to connect 

N2-N4 and N3-N5. 

N1 
/ \  

/ \  

I I 
N2 I I N3 

N4 / \N5 

If this recommendation can be implemented in 
more than one way, choose the way that will 
contract the structure rather than expand it. 

The following triangles contain angles that 
are greater than 120 degrees; therefore, 
a modification may be requiked, such as 
adding a new member to divide the angle 
into two smaller angles. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TRIANGLE ANGLE OPPOSITE MEMBER 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 3  154. 3 

Figure 8 
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IMPROVED MODEL 

The user then removes a l l  members which contribute to the problem and adds 
new members to satisfy the recommendation. If the user desires, the angles 
in the model can again be checked for problems. This is repeated until the 
user is satisfied (figure 9). The input file for the structural analysis 
program is written and the program ends. 

Surface 

Figure 9 
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MODIFYING THE BRACING OF A TRUSS 

F o r  t h e  t r u s s  w i t h  m u l t i p l e  l o a d  p o i n t s ,  t h e r e  a r e  two r e c o m m e n d a t i o n s  
i n s t e a d  of o n e  t o  a l low t h e  knowledge  base t o  d e t e r m i n e  t h e  b r a c i n g  r e q u i r e d  
b e t w e e n  two members c o n n e c t i n g  a load p o i n t  t o  t h e  s u p p o r t  s u r f a c e .  When 
t w o  members c o n n e c t i n g  a load p o i n t  t o  t h e  s u p p o r t  s u r f a c e  f o r m  a 
q u a d r i l a t e r a l ,  t h e  knowledge  b a s e  i s  g i v e n  t h e  l e n g t h s  of t h e  t w o  members. 
I f  t h e  two l e n g t h s  a r e  t h e  same,  a n  "X" b r a c i n g  i s  added. I f  t h e  two 
l e n g t h s  are  d i f f e r e n t ,  a brace i s  a d d e d  f r o m  t h e  b o t t o m  of t h e  l o n g e r  member 
t o  t h e  t o p  of t h e  s h o r t e r  member ( f i g u r e  1 0 ) .  

1 

- 

10 

Surface 
F i g u r e  10 

7 

L 
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A RECObMENDATION FOR IMPROVING THE BRACING 

The angle, Alpha, made by the two members is passed to the knowledge base, 
and a recommendation is made if the angle is not within the proper range. 
An example of such a recommendation is shown in figure 11. 

A recommendation from STRUTEX 

******RECOMMENDATIONS****** 

Because the angles made by the diagonals 
and the support surface are greater than 75 degrees 
(Angle = 76.) , it is recommended that 
members 5 and 6 be removed and that 
members 2 and 4 be divided in two and 
reconnected with an X bracing. 

Because the angle made by the diagonal 
and the support surface is greater than 75 degrees 
(Angle = 7 7 . 5 ) t  it is recommended that 
member 3 be removed and that member 2 
be divided in two and connected to the ends 
of member 1. 

Because the angle mgde.by the diagonal 
and the support surface is greater than 75 degrees 
(Angle - 7 7 . 5 ) ,  it is recommended that 
member 8 be removed and that member 4 
be divided in two and connected to the ends 
of member 7. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 11 
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A TRUSS WITH IMPROVED BRACING 

The truss in figure 12 reflects the refinements made from this 
recommendation. It is possible, especially in a very complex truss, that 
this recommendation might come out in addition to the recommendation about 
the triangles. 

1 

- 

/ / \ \ 
Surf ace 
Figure 12 
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CONCLUSIONS 

A prototype knowledge-based system has been developed to initially configure 
a structure to support point loads in two dimensions. There were two 
primary objectives for this project. The first objective was to investigate 
methods for passing data between a data base and a knowledge base. This was 
accomplished by integrating an inference engine into the system and 
determining the effects on the flow of data between the knowledge base and 
the data base. No significant problems were encountered in integrating the 
inference engine. 

The second objective was to determine if an initial conceptual model could 
be improved by using symbolic processing instead of numeric processing. By 
applying the knowledge base, significant improvements were made to the 
trusses shown in the examples.. If more rules were added to the knowledge 
base then more improvements could be made to the model. 
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